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ABSTRACT 
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^Numerous  studies  have  described  the  F-actin  cytoskeletonf.  however,  little  information 
relevant  to  G-actin  is  available.  Using  in  situ  and  in  vitro  conditions  and  rhodamine- 
conjugated  probes  specific  for  G-  (deoxyribonuclease  I.  0.3  jM)  or  F-actin  (phalloidin.  0.2 
the  actin  pools  of  bovine  aortic  endothelial  cells  were  examined.  Cells  in  situ 
displayed  a  diffuse  G-actin  distribution,  while  F-actin  was  concentrated  in  the  ectoplasm 
and  in  fine  stress  fibers  that  traversed  some  cells.  Cells  of  subconfluent  or  just 
confluent  in  vitro  cultures  demonstrated  intense  fluorescence,  with  many  F-actin  stress 
fibers.  Post  confluent  cultures  resembled  the  in  situ  condition,  since  peripheral  F-actin 
was  prominent,  traversing  actin  stress  fibers  were  greatly  reduced  and  fluorescent  intensity 
was  diminished.  Post  confluency  had  little  influence  on  G-actin.  with  only  an 

enhancement  in  the  intensity  of  G-actin  punctate  fluorescence.  When  post  confluent 

. . > 

cultures  were  treated  with  cytochalasin-Dj  (15  min;  10~4M).  F-actin  networks  were 
disrupted  and  F-actin  punctate  and  diffuse  fluorescence  increased.  G-actin  fluorescence 
was  not  altered  by  this  disruption.  Though  its  unstructured  nature  may  account  for  the 
minor  changes  observed,  the  stability  of  the  G-actin  pool  in  the  presence  of  notable  F- 
actin  modulations  suggested  that  filamentous  actin  was  the  key  constituent  involved  in 
these  actin  cytoskeletal  alterations. 
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INTRODUCTION 


There  are  several  pools  of  actin  within  nonmuscle  ceils  (16).  Polymerized  actin 
comprises  the  filamentous  pool  (F-actin).  while  monomeric  actin  forms  the  globular  pool 
(G-actin).  In  addition.  F-actin  interacts  with  other  contractile  proteins  to  from  complexes 
known  as  stress  fibers.  A  number  of  qualitative  studies  have  defined  the  distribution  of 
F-actin  and  stress  fibers  in  vascular  endothelial  cells  under  various  conditions  (7.8,15.21- 
24.26).  However,  there  is  little  qualitative  information  concerning  F-actin  and  stress  fiber 
arrangement  relative  to  the  distribution  of  G-actin.  This  information  is  necessary  to 
verify  quantitative  findings  and  to  better  understand  the  degree  of  interaction  among  the 
various  pools  of  actin.  Such  an  understanding  is  important,  since  actin  cytoskeletal 
changes  are  reported  to  influence  such  diverse  endothelial  cell  activities  as  motility  (4). 
permeability  (3.21)  and  metabolism  (5.6). 

A  widely  used  approach  for  the  visualization  of  the  F-actin  pool  employes  the 
capacity  of  the  fluorescently  labeled  mushroom  toxin,  phalloidin.  to  bind  specifically  with 
polymerized  actin  (25).  In  this  report,  a  similar  approach  has  been  employed  to  observe 
G-actin.  Deoxyribonuclease  I  (DNase  I)  interacts  specifically  with  this  protein  (13,17)  and 
when  conjugated  with  rhodamine.  DNase  I  can  serve  as  a  fluorescent  probe  for  G-actin. 
The  current  study  describes  the  distribution  of  the  actin  pools  in  bovine  aortic  endothelial 
cells  (BAEC)  in  situ  and  in  vitro. 

MATERIALS  and  METHODS 

The  in  situ  preparations  were  obtained  as  previously  described  (19).  Bovine  aortae 
were  cleaned  of  adventitia,  rinsed  in  Hanks  balanced  salt  solution  (HBSS;  GIBCO.  Grand 
Island.  NY),  treated  with  100%  methanol  (-20°  C;  4  min)  and  exposed  to  100%  acetone 
(-20°  C:  2  min).  After  fixation,  the  vessels  were  washed  in  HBSS.  cut  into  1/2  cm9 

db 


sections  and  dr*ed  in  a  stream  of  freon.  Next,  a  section  was  placed,  endothelium  side 
down,  on  a  cover  slip  that  was  positioned  on  an  aluminum  plate  cooled  (-60°  C)  in  a  dry 
ice/ethanol  bath.  When  ice  crystals  formed  in  a  water  drop  placed  near  the  segment, 
the  segment  was  pried  free  to  leave  the  endothelium  attached  to  the  cover  slip. 

The  in  vitro  culture  of  BAEC  employed  modifications  of  procedures  previously 
described  (14).  The  aorta  was  rinsed  in  HBSS  and  a  lateral  cut  was  made  to  expose 
the  tunica  intima.  A  sterile  scalpel  blade  was  used  to  lightly  scrape  the  endothelial  cells 
from  the  vessel.  Scrapings  were  deposited  into  collagenase  (lmg/ml;  Cooper  Biomedical. 
Malvern.  PA)  and  incubated  at  37°  C  for  10  min.  Four  mis  of  supplemented  [10%  fetal 
calf  serum,  penicillin-streptomyocin  (100units/ml-100/ig/ml).  and  glutamine  (0.29mg/ml); 
GIBCO.  Grand  Island.  NY]  Dulbecco's  modified  Eagle's  Medium  (DMEM:  GIBCO.  Grand 
Island.  NY)  were  then  added.  This  was  centrifuged  at  3000g  (5  min).  The  fluid  was 
aspirated,  the  pellet  suspended  in  supplemented  DMEM  (5  ml)  and  the  solution  pipetted 
into  a  tissue  culture  flask  (Falcon  3013:  Becton  Dickinson.  Lincoln  Park.  NJ).  Cells  were 
maintained  on  supplemented  DMEM  until  they  reached  confluency.  The  culture  was  then 
rinsed  with  HBSS  and  the  cells  removed  with  trypsin  (0.3  ml:  0.5  mg/ml:  GIBCO.  Grand 
Island.  NY).  Cell  number  was  determine  and  serial  dilutions  in  supplemented  DMEM 
made  to  obtain  a  solution  with  10  cells/ml.  A  0.5  ml  volume  was  placed  in  each  well 
of  a  24  well  tissue  culture  plate  (Falcon  3047:  Becton  Dickinson.  Lincoln  Park.  NJ).  In 
addition  to  supplemented  DMEM.  these  cells  were  maintained  with  endothelial  cell  growth 
supplement  (30  Collaborative  Research.  Bedford.  MA)  until  small  patches  of 

growth  were  visible  by  microscopic  examination.  After  this  point,  cells  were  maintained 
with  only  DMEM.  Cultures  were  observed  for  2  weeks  after  obtaining  confluency  to 
ensure  that  they  were  free  of  smooth  muscle  contaminants,  after  which  they  were 
removed  with  trypsin,  seeded  into  tissue  culture  flasks  and  grown  to  confluency.  Cells 
were  then  harvested  and  stored  in  an  environment  of  liquid  nitrogen  until  needed. 
Cultures  demonstrated  a  "cobblestone"  pattern  typical  for  endothelial  cells  and  were 


positive  for  the  presence  of  factor  VIII  antigen  by  immunofluorescent  techniques.  From 
this  stock,  seedings  were  made  on  glass  cover  slips  at  a  density  of  1.5xl04  cells/cm2. 
Afte'  3.6.10.20  and  32  days  of  culture,  the  cells  were  fixed  in  3.7%  formalin.  In  other 
studies,  post  confluent  cultures  (day  9)  were  treated  with  cytochalasin-D  (15  min:  10 
4M)  to  alter  F-actin  arrangement  and  then  fixed. 

Rhodamine  conjugated  phalloidin  (R-P)  and  DNase  I  (R-DNase  I)  were  obtained  from 
Molecular  Probes  (Junction  City.  OR)  and  used  to  delineate  the  F-  and  G-actin  pools, 
respectively.  To  permit  probe  entry,  the  endothelial  cell  membranes  were  permeabilized 
with  80%  acetone  (10  min).  Cells  were  then  treated  with  R-P  (0.2  /*M)  or  R-DNase  I 
(0.3/iM)  for  10  min.  after  which  the  culture  was  washed  (HBS5)  5  times.  A  Zeiss 
microscope  equipped  with  a  40X  water  immersion  objective  and  filters  appropriate  for 
rhodamine  excitation  were  used  to  observe  the  cell  fluorescence.  Photographs  of  the 
fluorescence  were  taken  using  Tri-X  Pan  film  (Kodak;  400  ASA).  Automatic  exposure 
times  were  employed  for  the  photographs  of  BAEC  in  situ.  When  in  vitro  post 
confluency  state  was  studied,  film  exposure  time  was  set  to  that  noted  for  cultures  at 
their  first  day  of  confluency  (day  6).  Exposure  time  for  print  development  also  used  a 
setting  noted  for  day  6  cultures.  In  this  manner,  changes  in  fluorescent  intensity  could 
be  depicted.  In  the  study  of  cytochalasin-D  effects,  the  film  and  print  exposure  times 
were  set  relative  to  that  noted  for  cultures  prior  to  cytochalasin-D  treatment. 

RESULTS 

A  comparison  of  the  in  situ  G-  and  F-actin  distributions  of  BAEC  is  illustrated  in 
figure  1.  G-actin  appeared  to  be  distributed  in  a  diffuse  manner,  with  enhanced 
fluorescence  near  the  nucleus,  such  that  this  organelle  was  highlighted  in  the  photographs 
(Fig.  la).  Fluorescent  intensity  associated  with  in  vitro  G-actin  (Figs.  2a-e)  was  greater 
than  that  noted  for  the  in  situ  condition.  However,  the  BAEC  in  situ  and  in  vitro  G- 
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actin  distributions  were  similar,  since  both  were  diffuse.  The  fluorescence  associated  with 
in  vitro  G-actin  was  enhanced  in  the  region  of  the  cell  nucleus  and  diminished  in  the 
ectoplasm,  which  also  demonstrated  the  similarities  of  the  G-actin  distributions  in  vitro 
and  in  situ.  Other  than  the  appearance  of  areas  of  bright  punctate  fluorescence  first 
noted  on  day  20  (Fig.  2d)  that  increased  by  day  32  (Fig.  2e).  changes  in  BAEC 
confluency  state  had  little  effect  on  the  distribution  of  in  vitro  G-actin. 

A  low  level  of  fluorescence  was  associated  with  in  situ  F-actin  (Fig.  lb).  F-actin 
was  concentrated  in  the  cell  ectoplasm  and  outlined  the  cell  periphery.  Some  cells  also 
demonstrated  the  presence  of  fine  stress  fibers  composed  of  F-actin  that  traversed  the 
cell.  In  contrast,  the  F-actin  fluorescent  intensity  was  greatly  increased  for  cultured  cells 
(Figs.  2f.g).  Many  F-actin  stress  fibers  could  be  seen  traversing  the  cells  and  in  the 
ectoplasm.  Unlike  in  vitro  G-actin.  the  in  vitro  F-actin  distribution  was  dramatically 
altered  by  the  state  of  confluency.  Subconfluent  BAEC  cultures  (day  3;  Fig.  2f)  had 
cells  with  many  stress  fibers,  while  others  had  a  more  diffuse  distribution  with  few  stress 
fibers.  Cultures  at  that  their  first  day  of  confluency  (day  6;  Fig.  2g)  demonstrated 
intense  fluorescence  and  numerous  F-actin  stress  fibers  consumed  most  cells.  Four  days 
post  confluency  (day  10:  Fig.  2h),  there  was  an  increased  presence  of  areas  within  the 
monolayer  in  which  fluorescent  intensity  was  diminished  and  stress  fiber  density 
decreased.  Fourteen  days  post  confluency  (day  20;  Fig.  2i).  these  areas  were  more 
prominent.  Other  than  differences  in  their  shape  and  size,  BAEC  now  resembled  those 
seen  in  situ,  since  F-actin  was  generally  noted  in  the  ectoplasm  and  few  F-actin  stress 
fibers  could  be  demonstrated.  Observations  made  at  32  days  in  culture  (Fig.  2j)  did  not 
indicate  any  further  changes  in  the  fluorescent  intensity  or  distribution  of  F-actin. 

G-actin  was  not  affected  by  exposure  to  cytochalasin-D.  since  it  remained  diffusely 
distributed  and  of  similar  fluorescent  intensity  (Figs.  3a. b).  This  was  in  contrast  to  the 
effects  of  such  exposure  on  the  F-actin  pool  (Figs.  3c, d).  F-actin  stress  fiber  networks 
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were  disrupted  and  there  was  an  increase  in  diffuse  and  punctate  fluorescence  within  the 
cells  (Fig.  3d). 

DISCUSSION 

There  is  a  paucity  of  qualitative  information  concerning  F-actin  distribution  relative  to 
that  of  G-actin.  Actin  quantitative  studies  have  been  reported  using  the  DNase  I 
inhibition  test  (1.2,9-11).  However,  these  studies  rely  on  the  effectiveness  of  buffer 
systems  to  ensure  that  actin  polymerization  state  remains  constant,  when  the  amount  of 
actin  comprising  the  F-actin  pool  is  determined.  The  failure  to  maintain  the  actin 
polymerization  state  may  be  a  source  of  error  and  account  for  some  inconsistencies  in  the 
quantitative  findings  (9).  Qualitative  studies  may  aid  not  only  our  understanding  of  the 
interaction  between  the  various  pools  of  actin.  but  help  to  clarify  quantitative  findings. 
This  report  illustrates  the  use  of  fluorescently  labelled  DNase  I  to  visualize  the  G-actin 
pool  relative  to  that  of  F-actin. 

As  might  be  expected  for  an  unstructured,  monomeric  form  of  a  protein.  G-actin 
distribution  was  diffuse  in  nature  both  in  situ  and  in  vitro.  As  noted  previously  for  in 
vitro  F-actin  (20).  the  level  of  fluorescence  associated  with  in  vitro  G-actin  was  greater 
than  that  noted  for  the  in  situ  condition.  This  indicated  that  cultured  cells  may  have 
more  G-actin.  Though  there  was  the  appearance  of  an  increased  fluorescence  near  the 
nucleus,  this  may  not  represent  an  area  of  increased  G-actin  concentration,  since  the 
region  adjacent  to  the  nucleus  is  of  greatest  cytoplasmic  thickness  and  increased 
fluorescence  would  be  expected  when  viewing  through  such  an  area.  Thus.  G-actin  was 
noted  throughout  the  cell  and  was  perhaps  of  similar  concentration  in  the  various  cellular 
regions. 
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In  contrast,  the  in  situ  arrangement  of  F-actin.  was  concentrated  in  the  region  of  the 
ectoplasm  and  in  stress  fibers.  This  confirmed  previous  findings  on  the  location  of  F- 
actin  in  endothelial  cells  studied  directly  from  vessels  (6.7.12.19.20.23,24.26).  When 
cultured  under  in  vitro  conditions,  the  F-actin  arrangement  is  quite  distinct  from 
endothelial  cells  in  situ  (20).  As  verified  by  this  study,  there  was  an  increase  in  actin 
stress  fibers,  which  were  circumferential  and  traversed  the  cell  (Figs.  2f.g).  However, 
with  prolonged  culture  (;>10  days;  Figs.  2h-j).  the  in  vitro  F-actin  arrangement  more 
closely  approximated  the  m  situ  condition.  This  finding  was  relative  to  the  shorter 
culture  periods  (day  6;  Fig.  2g).  since  photographic  exposure  times  for  the  long  term 
cultures  were  the  same  as  those  used  for  the  short  term  cultures.  If  automatic  exposure 
times  had  been  employed,  the  longer  term  cultures  would  appear  to  have  had  a  greater 
fluorescent  intensity  and  the  F-actin  arrangement  would  not  have  been  accurately 
depicted.  Though  this  change  (day  10:  Fig.  2h)  was  not  uniformly  noted,  areas  of 
reduced  F-actin  and  stress  fiber  density  did  become  more  pronounced  with  time,  such 
that  by  day  twenty  (Fig.  2i)  this  F-actin  distribution  predominated  and  no  further 
changes  were  noted  (day  32;  Fig.  2j).  Quantitative  studies  indicate  that  F-actin  levels 
can  be  reduced  in  some  cell  lines  after  obtaining  a  state  of  confluence  (11).  which  these 
qualitative  findings  supported.  Such  findings  suggested  that  endothelial  cells  in  culture 
might  best  be  studied  when  maintained  for  a  sufficient  period  to  allow  for  an  F-actin 
distribution  more  in  keeping  with  that  seen  in  the  natural  state. 

In  spite  of  notable  changes  in  F-actin  arrangement,  culture  confluency  state  had  little 
observable  impact  on  G-actin  distribution.  G-actin  remained  diffusely  dispersed  with  only 
the  appearance  of  enhanced  punctate  fluorescence  noted  after  twenty  days  of  culture 
(Figs.  2d,e).  Since  its  appearance  (day  20)  did  not  coincide  with  the  first  sign  of  a 
reduction  in  F-actin  stress  fiber  density  (day  10;  Fig.  2h)  and  became  more  pronounced 
(day  32;  Fig.  2e)  in  the  absence  of  any  further  alterations  in  the  F-actin  pool  (day  32: 
Fig.  2j).  the  enhancement  of  punctate  fluorescence  associated  with  G-actin  seemed 
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independent  of  the  modulations  in  F-actin  distribution.  Thus,  while  F-actin  arrangement 
was  dramatically  altered  by  confluency  state,  it  did  not  appear  to  directly  affect  G-actin. 
Wher.  cytochalasin-D  treatment  was  used  to  alter  F-actin  arrangement,  the  effect  on  the 
G-actin  pool  was  ?lso  not  recognizable  (Fig.  3).  This  corroborates  earlier  quantitative 
findings  that  cytochalasin-D  treatment  of  human  tumor  cell  lines  does  not  result  in  net 
depolymerization  of  actin  filaments  (18).  Thus,  the  appearance  of  increased  diffuse  and 
punctate  fluorescence  associated  with  F-actin  (Fig.  3d)  indicated  that  the  F-actin  of  the 
disrupted  stress  fibers  may  have  coalesced  into  these  areas  and  did  not  depolymerize  to 
increase  the  G-actin  pool. 

In  conclusion,  alterations  in  the  distribution  of  F-actin  by  confluency  state  or 
cytochalasin-D  treatment  did  not  appear  to  significantly  influence  the  G-actin  pool. 
Though  changes  in  G-actin  may  be  too  subtle  to  observe  due  to  the  unstructured  nature 
of  this  monomeric  protein,  thes>  results  suggested  that  F-actin  alterations  occurred 
independent  of  substantial  effects  on  the  G-actin  pool.  Moreover,  since  shifts  in  the 
arrangement  of  F-actin  and  actin  stress  fibers  were  more  noteworthy  than  qualitative 
changes  in  G-actin.  filamentous  actin  might  be  the  major  player  in  cellular  functions 
influenced  by  actin.  This  perhaps  has  special  importance  to  the  comprehension  of  the 
modulations  in  endothelial  cell  prostacyclin  production  associated  with  changes  in  actin 
arrangement  (5,6).  since  it  would  suggest  that  F-actin  and  stress  fibers  have  a  greater 
role  in  this  metabolic  regulation  than  does  G-actin.  The  use  of  G-  and  F-actin  probes 
might  facilitate  the  investigation  of  the  relative  contributions  made  by  the  actin  pools  in 
such  actin-mediated  phenomena. 
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Fig.  1.  BAEC  fixed  in  situ  and  exposed  to  R-DNase  I  (a)  or  R-P  (b)  to  demonstrate 
the  distribution  of  G-  or  F-actin.  respectively.  G-actin  (a)  was  diffusely  distributed,  but 
appeared  concentrated  in  the  area  of  the  cell  nucleus  (n).  F-actin  was  concentrated  in 
the  cell  ectoplasm  and  highlighted  the  cell  periphery.  Some  cells  also  showed  thin.  F- 
actin  stress  fibers  (arrows)  that  traversed  the  cell.  Bar=10/i 
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Fig.  2.  BAEC  examined  at  various  points  of  confluency  under  in  vitro  conditions  were 
exposed  to  R-DNase  I  (G-actin  probe;  a-e)  or  R-P  (F-actin  probe)  at  3  (pre-confluent; 
a.f).  6  (confluent;  b.g).  10  (4  days  post  confluent;  c.h).  20  (14  days  post-confluent;  d.i) 
and  32  (26  days  post-confluent;  e.j)  days  of  culture.  G-actin  distribution  (a-e)  was 
diffuse  with  the  appearance  of  enhanced  fluorescence  near  the  nucleus  (n).  Areas  of 
punctate  fluorescence  (arrows)  were  also  noted,  which  demonstrated  an  enhancement  of 
fluorescent  intensity  by  day  20  (d).  This  continued  to  increase  such  that  by  day  32  (e) 
most  cells  possessed  a  region  of  intense  punctate  fluorescence.  The  F-actin  distribution 
(f)  in  some  pre-confluent  cells  (y)  was  diffuse  with  few  if  any  F-actin  stress  fibers,  while 
in  others  (z)  such  fibers  (arrows)  were  numerous.  At  confluency  (g),  cultures 
demonstrated  intense  fluorescence  with  numerous  F-actin  stress  fibers  (arrows)  that  were 
circumferential  or  traversed  the  cells.  By  day  10  (h),  fluorescent  intensity  was 
diminished.  F-actin  stress  fibers  were  fine,  not  as  numerous  and  some  cells  (x)  appeared 
to  lack  fibers  that  traversed  the  cell.  At  20  days  of  culture  (i).  fluorescent  intensity  was 
further  diminished.  F-actin  was  mainly  concentrated  in  the  cell  periphery  (arrows)  with 
some  cells  (x)  showing  little  or  no  fluorescence  in  the  cell  interior.  No  further  changes 
in  the  F-actin  arrangement  were  noted  after  32  days  of  culture  (j).  Bar=10/x 
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Fig.  3.  Post  confluent  BAEC  (day  9)  were  treated  (b.c)  with  cytochalasin-D  (15  min: 
10~4M)  and  then  exposed  to  R-Dnase  (G-actin  probe;  a.b)  or  R-P  (F-actin  probe;  c.d). 
The  G-actin  pool  was  not  affect  by  cytochalasin-D  for  both  nontreated  (a)  and  treated 
(b)  cells  demonstrated  a  diffuse  G-actin  distribution,  with  an  area  of  enhanced 
fluorescence  surrounding  the  cell  nucleus  (n).  Prior  to  cytochalasin-D  treatment  (c).  F- 
actin  was  distributed  in  numerous  stress  fibers  that  were  located  in  the  cell  periphery  or 
found  to  traverse  the  cell.  In  addition,  some  areas  of  punctate  fluorescence  (arrows) 
were  noted.  After  treatment  (d).  stress  fibers  were  disrupted  and  many  areas  of  intense 
diffuse  (x)  and  punctate  (arrows)  fluorescence  were  seen.  Bar=10/i 


-16- 


